Due to its exceptional lithium storage capacity silicon is considered as a promising candidate for anode material in lithium-ion batteries (LIBs). In the present work we demonstrate that methods of the soft X-ray emission spectroscopy (SXES) can be 
Introduction
Lithium-ion batteries (LIBs) are widely used rechargeable power sources for various electronic devices.
1,2 The large interest in lithium-ion batteries is stipulated by their compact size, high energy density and operating voltage, small memory and self-discharge effects. [3] [4] [5] [6] However development of the highly efficient batteries progresses slowly, due to the lack of suitable electrode materials and electrolytes. 1,2 Lithium intercalation of the anode is one of the most important processes in lithium battery that allows it to operate. During the charge and discharge cycles lithium diffuses in and out of electrode, inducing changes in the anode morphology. [7] [8] [9] [10] [11] The structural disintegrity and cracking results in consequent fading of the capacity due to loss of electrical conductance. [12] [13] [14] Therefore development of the mechanically stable high-lithium-capacity anode materials based on cheap and abundant elements is an emerging task.
Silicon is one of the very promising candidates for anode materials in LIBs because it exhibits more than order of magnitude greater theoretical Li capacity (4200 mAh/g for reaction progresses. 27, 29, 35 It is interesting that in the case of amorphous Si recent experiments also indicate the presence of the boundary between lithiated and pristine a-Si in spite of the absence of the crystalline order in a-Si. 56, 57 It has been suggested that as the reaction front progresses into pure a-Si, the lithiated Si has relatively constant Li concentration x in a-Li x Si of x ∼ 2.5. 56 After initial lithiation to x ∼ 2.5, a second step of the reaction occurs, where Li concentration increases from x ∼ 2.5 to x ∼ 3.75. 56 Interestingly, several groups reported [58] [59] [60] [61] [62] [63] [64] that crystalline c-Li 15 Si 4 can be formed through an amorphous Li x Si phase, however in other works only formation of the amorphous Li x Si phases was observed.
29,65-69
Detailed understanding of the mechanisms of such multi-phase electrochemical lithiation processes is of extraordinary importance for the development of the stable electrodes for high-performance LIBs. Such processes have been extensively studied experimentally by transmission electron microscope (TEM), 27, 29, 56, 57 X-ray diffraction (XRD), 
. 76 However the detailed interpretation of the experimental results has been hindered due to the absence of the theoretical data on the formation mechanisms of the Si-L 2,3 emission of Li x Si alloys.
In the present work we perform theoretical analysis of the mechanisms of formation of the soft X-ray Si-L 2,3 emission of crystalline and amorphous Li x Si alloys. On the base of comparison of results of our calculations with the available experimental data we demonstrate that methods of SXES can be used as a powerful tool for the comprehensive analysis of the electronic and structural properties of crystalline and amorphous Li x Si alloys in LIBs.
In particular it is shown that the energy position and shape of the Si-L 2,3 band provides information about disintegration of the Si network into Si clusters of the different sizes upon
Si lithiation, as well as chemical structure and composition of Li x Si alloys. Therefore SXES methods can be used as a powerful tool for investigation of the lithiation process of Si and multi-phase transitions in the crystalline and amorphous structures.
Methods
The calculations reported herein were performed using the density-functional theory (DFT) method in a plane wave (PW) basis set 77 as implemented in the pseudopotential-based CASTEP code. 78, 79 We used the generalized gradient approximation (GGA) with the parametrization of Perdew-Burke-Ernzerhof (PBE) 80 for the exchange-correlation functional and the ultrasoft pseudopotentials (USPs) 81 with two projectors for each angular momentum to describe the electron-ion interactions. The cut-off energy of 280 eV has been used. In the used 15 Si 4 alloys, starting from the crystal structure, the system was first melted at 1500 K under 1 atm in the NPT ensemble for 20 ps, where the temperature and pressure was controlled by thermostats and barostats, respectively, using an isotropic cell with variable cell lengths. The time step was set to 1.0 fs. Then, the system was annealed gradually to 300 K during a run of 5 ps, followed by 5 ps of equilibration at 300 K. In the case of a-Li 13 Si 4 and a-Li 15 Si 4 four independent samples were used for further calculations to have good statistics. For modelling amorphous Si, the melting temperature was set to 2500 K with longer simulation time of 100 ps due to the high melting point of Si, and then the system was annealed to 300 K during a run of 30 ps, followed by 5 ps of equilibration at 300 K.
Neglecting the finite width of the core level, the intensity I(E) of an X-ray emission spectrum (XES) is given by the following expression:
where the summation over k is performed over occupied states of the Brillouin zone, E =hω is the energy of the X-ray photon, E n (k) is the one-electron energy of the nth valence band, E c is the energy of the core level, N is the number of points in the Brillouin zone, and P n (k)
is the probability of transition from nth valence band to the core level c per unit time.
Atomic system of unitsh = e = m = 1 are used throughout unless specified otherwise.
In the one-electron and dipole approximation, the probability P n (k) of the radiative electron transition is determined by the formula
where ω nc (k) is the transition frequency, l c is the orbital quantum number of the core vacancy and c is the speed of light, ψ nk (r) and φ c (r) are the wave functions of the nth band and the hole, respectively, m c is the quantum number of the projection of the core hole angular momentum and index α = −1, 0, 1 enumerates cyclic components of the position operator
In the present work the crystal wave functionsψ nk (r) are calculated using the plane wave basis and the ultrasoft pseudopotential scheme implemented in the CASTEP software package. 78, 79 Such single-electron pseudo (PS) wave functions are smoothed in the atomic core regions and can not be used directly for for calculating the probability of the radiative electron transition given by Eq. 2, because it is determined by the behavior of the wave functions near the nucleus. Therefore in order to calculate the dipole matrix element in
Eq. 2 the all-electron (AE) orbitals have been recovered from PS wave functions using the projected augmented wave (PAW) reconstruction method 92 implemented in CASTEP code. 78, 79 Different methods of recovering of AE orbitals along with the PAW method are described in details in the previous works. 91, 93 According to the PAW approach, an AE wave function ψ nk (r) can be recovered from the corresponding PS wave functionψ nk (r) by a linear transformation
where φ i andφ i are AE and PS partial waves, respectively, andp i are the PAW projector functions 92 localized within the augmentation region and forming a basis set dual toφ i , i.e. p i |φ i = δ i,j . Using this transformation the dipole matrix element can be written as follows
To calculate the dipole matrix elements and intensity of XES we used the on-the-fly generated (OTFG) ultrasoft pseudopotentials developed by Pickard as implemented in CASTEP code.
78,79
Note that the OTFG pseudopotentials were originally developed in order to account for the core hole effect in the model of supercell by generating the pseudopotential of "excited" atom with the core hole. [94] [95] [96] However, in semiconductors and especially in metals the core hole can be effectively screened by valence electrons, which allows to calculate XES without accounting for the core hole effect on XES. Indeed, our qualitative estimates, given in the Supporting Information, show that in the case of -Si the core hole is screened before the spontaneous X-ray emission transition occurs. In the case of lithium silicides which possess metallic properties such approximation should work even better. Therefore, in the present work we do not take into account the core hole effect on XES. In this case the generated OTFG pseudopotential of Si atom differs from the usual ultrasoft pseudopotential with two projectors for each of s-and p-channels only by addition of two gamma-projectors into local d-channel during an automated generating with the help of Materials Studio graphical interface.
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The CASTEP calculations do not take into account the spin-orbit interaction. Therefore, it is not possible to distinguish the calculated XES between L 2 and L 3 emission bands, which are formed as a result of the electron transitions from the valence bands to the 2p 
Results and discussion
Optimized structures of the crystalline and amorphous phases of silicon as well as LiSi, However, even at the high Li concentration in amorphous a-Li x Si alloys Si tends to form Si-Si covalent bonds in a good agreement with the results of previous theoretical calculations. 19, 28 It is well known that soft X-ray Si-L 2,3 emission is strongly affected by the local environment and hence it should be very sensitive to the coordination of Si atoms. Therefore we suggest that such spectra carry information on the structural properties of the Li x Si alloys and can be used for the comprehensive analysis of mechanisms of silicon lithiaton and disintegration of Si network into clusters of different sizes with increase in Li concentration. We would like to emphasize that the initial state of an X-ray radiative transition is the state of an atom with a vacancy in the core shell, which can be described by the atomic orbital φ c (r) of a free atom with the quantum numbers n c , l c and m c . As a result of the one-electron radiative transition, a vacancy is formed in the valence band, which is described by the one-electron wave function ψ nk (r). In the case of l c ≥ 1, the probability (2) of this transition can be separated into the partial contributions. Thus, in the case of the Si L 2,3
X-ray emission spectra (radiative electron transition to 2p vacancy of Si atom) the energy distribution of s-and d-states of the valence band mainly localized nearby the Si atom is reflected. Therefore, in order to understand formation mechanisms of the soft X-ray Si-L 2,3 emission bands we have calculated the partial density of electronic states (PDOS) projected on Si atoms in the considered crystalline and amorphous Li x Si alloys as shown in Figure   3 . It is clearly seen that the low-energy peak in the XES of c-Si is mainly associated with the low-lying valence 3s states in the energy range of -12 eV --8 eV, as shown in Figure 3 by black line. The second peak in the emission spectrum of c-Si corresponds to the valence states with s-p hybridization, represented by a sharp peak in PDOS with the maximum at -6.78 eV. The high energy broad peak at -3.45 eV in the Si-L 2,3 X-ray emission from c-Si is associated with the transitions from the 3d valence states appearing at the energies of -4 --1 eV as a result of p-d hybridization.
In the case of amorphous silicon the Si-L 2,3 band exhibits a wide maximum at the photon energies 90.5 eV (-8.15 eV) with a shoulder at ∼ 96.5 eV (-2.15 eV) 101 as it is shown in As it was discussed above the c-Li 13 Si 4 structure contains an equal number of the isolated Si atoms and Si atoms forming dimers. The X-ray emission from these two groups of atoms shows different spectral dependence. The Si-L 2,3 emission spectrum from the isolated atoms possesses sharp line, while the spectrum from dimers demonstrates the double peak structure, as shown in Figure 2 . Therefore the total emission spectrum of c-Li 13 Si 4 shows sharp peak at -6.3 eV which corresponds mainly to the emission from the isolated Si atoms and the low energy peak at -8.3 eV corresponding to the radiation from the single coordinated Si.
In the amorphous a-Li 13 Si 4 structure x-ray emission from the single and double coordinated
Si atoms dominates over the one from the isolated Si. Therefore the main Si-L The analysis performed above clearly demonstrates that combination of the theoretical and experimental methods of the soft X-ray emission spectroscopy can be used as a powerful tool for the comprehensive analysis of the anode materials in LIBs.
Conclusion
In conclusion, we have shown that the methods of the soft X-ray emission spectroscopy can be used as a powerful tool for the comprehensive analysis of the electronic and structural properties of the crystalline and amorphous Li 
